The structure and magnetic properties of nano-sized (1.6 to 4.4 nm) ferrihydrite samples are systematically investigated through a combination of X-ray diffraction (XRD), X-ray pair distribution function (PDF), X-ray absorption spectroscopy (XAS) and magnetic analyses. The XRD, PDF and Fe K-edge XAS data of the ferrihydrite samples are all fitted well with the Michel ferrihydrite model, indicating similar local-, mediumand long-range ordered structures. PDF and XAS fitting results indicate that, with increasing crystallite size, the average coordination numbers of Fe-Fe and the unit cell parameter c increase, while Fe2 and Fe3 vacancies and the unit cell parameter a decrease. Mössbauer results indicate that the surface layer is relatively disordered, which might have been caused by the random distribution of Fe vacancies. These results support Hiemstra's surface-depletion model in terms of the location of disorder and the variations of Fe2 and Fe3 occupancies with size. Magnetic data indicate that the ferrihydrite samples show antiferromagnetism superimposed with a ferromagnetic-like moment at lower temperatures (100 K and 10 K), but ferrihydrite is paramagnetic at room temperature. In addition, both the magnetization and coercivity decrease with increasing ferrihydrite crystallite size due to strong surface effects in fine-grained ferrihydrites. Smaller ferrihydrite samples show less magnetic hyperfine splitting and a lower unblocking temperature (T B ) than larger samples. The dependence of magnetic properties on grain size for nano-sized ferrihydrite provides a practical way to determine the crystallite size of ferrihydrite quantitatively in natural environments or artificial systems. 
Introduction
Metastable nano-crystalline ferrihydrites are ubiquitous in environmental systems including surface water, soils, sediments, living organisms and even extraterrestrial substances. 1 Ferrihydrite serves as the most important precursor for other crystalline iron (oxyhydr)oxides (i.e., hematite and goethite) produced in the natural environment during weathering or pedogenic processes. [2] [3] [4] [5] Among natural iron oxides, ferrihydrite has the smallest particle size, generally ranging from 1 to 7 nm, [6] [7] [8] which leads to ferrihydrite having a strong cementing capacity, large surface area and high reactivity. 6 Therefore, it plays an important role in the formation of soil aggregates and the mobility and bioavailability of contaminants and nutrients 1, [9] [10] [11] and has been widely applied in the degradation of organic contaminants 12 and removal of inorganic pollutants, such as phosphate, 13 arsenicĲIII), 14 and heavy metals. 15 Based on the number of peaks resolved from powder X-ray diffraction (XRD) patterns, two types of ferrihydrite are commonly distinguished, namely two-line ferrihydrite (2LFh) and six-line ferrihydrite (6LFh). 2 They differ mainly in their crystallite size and degree of structural disorder. 16 Most 2LFh
particles have a crystallite size of ∼2 nm and a highly defected and water-rich structure. 17, 18 The largest synthesized ferrihydrite particles (10-12 nm) are ordered ferrimagnetic ferrihydrite (ferrifh) particles formed by the hydrothermal aging of 2LFh at 175°C in the presence of citrate. 18 Ferrifh has an ordered, largely defect-free structure with fewer cation vacancies and less lattice strain than 2LFh. 18 For particles larger than 8 nm, the ferrihydrite thermodynamic stability sharply drops with increasing particle size, leading to the formation of nano-goethite and nano-hematite. 19, 20 Due to the poorly crystalline nature of ferrihydrite, its structure has still not been fully resolved, especially its surface structure and the origin of the disorder. An early structural model by Drits et al. 16 suggested that ferrihydrite is a multiphase material. More recently, based on X-ray pair distribution function (PDF) analysis, Michel et al. 18, 21 proposed a single-phase model for ferrihydrite with a basic structure related to the Baker-Figgis δ-Keggin cluster 22 consisting of 13 iron atoms and 40 oxygen atoms, 21 which was most recently evidenced by Sadeghi et al. 23 According to Michel et al., 21 the ideal structure of ferrihydrite consists of three types of Fe sites (Fe1, Fe2 and Fe3). Fe1 and Fe2 (60% and 20% of the total Fe sites, respectively) are octahedrally coordinated, while Fe3 (20%) is tetrahedrally coordinated. However, the Michel model is controversial in relation to the valence bond theory, and the calculated composition disagrees with some experimental data. 24 Furthermore, the model data cannot correctly reproduce all the XRD peaks of 6LFh, 25, 26 while the XRD data of ferrifh can be fitted well with the Michel model. 18 Most recently, Hiemstra 17 proposed a modified Michel model in which the ferrihydrite consists of a defect-free mineral core and a defect-and water-rich surface layer that is depleted in the Fe2 and Fe3 polyhedra. Hence, all disorder is projected in the surface layer. According to this model, dehydration alters only the ferrihydrite surface layers without changing the structure of the mineral core, which is in good agreement with the experimental observation by Xu et al. 27 that 2LFh
was largely dehydrated to ordered ferrihydrite without significant changes in the mineral structure. For iron oxide nanoparticles, several size-dependent physicochemical properties have been reported for ferrihydrite, 13, 17, 18 as well as for hematite and goethite. 6, 19, 28, 29 In general, the complex nature of the magnetism of iron oxide nanoparticles is well studied. 30 However, the effects of the crystallite size of ferrihydrite on its magnetic properties are not fully explored. It has been reported that both 2LFh 31 and 6LFh 32 display antiferromagnetism as well as weak ferromagnetic-like behavior at low temperature and superparamagnetic behavior, with a low-temperature transition between blocked and unblocked magnetic states. Upon aging of phosphated ferrihydrite (2LFh), 3 a maghemitelike phase (ferrimagnetic) named "hydromaghemite" is obtained as an intermediate product, while no ferrimagnetic phases appear upon aging of 6LFh with adsorbed phosphate. 33 As mentioned above, aging 2LFh in the presence of citrate leads to the formation of large crystallites of ordered ferrimagnetic ferrihydrites (ferrifh) as a metastable intermediate product. 18 Furthermore, the incorporation of foreign elements into ferrihydrite may change its magnetic properties; for instance, upon incorporating Si, the magnetic-ordering temperature decreases with increasing Si content in ferrihydrite. 34, 35 To extend our knowledge of the dependence of the magnetic properties of ferrihydrites on their crystallite sizes and structure, the magnetic properties of four extremely finegrained (∼1-5 nm) ferrihydrite samples have been investigated in the present study. The key factor for such small particles is the large contribution of the surface layer to the particle behavior. Therefore, the surface layer effects will be most clearly revealed with such particles, and the results should be well suited for elucidating whether and how surface layer defects affect the magnetic properties. Alternatively, magnetization results may provide information on the surface layer structure and assist in resolving the structure dispute. To achieve our goal, the structure of the four ferrihydrite samples was characterized in detail first by using XRD, the PDF derived from high-energy X-ray total scattering data, and Fe K-edge X-ray absorption spectroscopy (XAS). In principle, the structure of the particles has been analyzed on the basis of the structural model of Michel et al. 21 Subsequently, the magnetic properties of ultra-fine nanoparticles were examined through magnetic susceptibility measurements and Mössbauer spectroscopy. Special attention has been paid to signals that point to surface layer defects and a structure that may correspond to Hiemstra's model. 17 The magnetization results are discussed in relation to the structural information.
Materials and methods

Ferrihydrite synthesis
Four ferrihydrite samples with different crystallite sizes were synthesized by changing the hydrolysis rate of Fe 3+ by using different temperatures and procedures. 2, 36 The detailed synthesis procedures have been described by Wang et al. 13 and the samples were labeled as 2LFh_1, 5LFh_2, 5LFh_3 and 6LFh_4, in which the first number indicates the number of diffraction lines in the XRD pattern, while the last number indicates the increasing order of crystallite size. 13 Structural characterization of ferrihydrite samples X-ray diffraction. The crystal structures of the ferrihydrite samples were identified through XRD using a Bruker D8 AD-VANCE X-ray diffractometer equipped with a LynxEye detector using Ni-filtered Cu Kα radiation (λ = 0.15418 nm). The diffractometer was operated at a tube voltage of 40 kV and a tube current of 40 mA with a scanning rate of 1°min −1 and a step size of 0.02°. The high-resolution XRD data of the ferrihydrite samples were subjected to Rietveld fitting to obtain the crystallize size using the program TOPAS 4.2 (SI-1 †).
The single-phase Michel model parameters (Michel et al.,
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ICSD #158475), space group P6 3 mc and unit cell parameters a = 5.928 Å, c = 9.126 Å and v = 277.73 Å 3 were used as the initial values for all fits. High-energy X-ray total scattering. Synchrotron-based X-ray total scattering data were collected using an X-ray of 38.794 keV (λ = 0.3196 Å) at beamline X7B, National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The measurement was performed using the rapid acquisition PDF method 37 by employing a Perkin Elmer amorphous silicon detector. The image plate was exposed for 1 s and the measurement was repeated 120 times for a total collection time of 120 s for each sample. The software Fit2D 38 was used to integrate and convert the 2-D raw data to 1-D intensity versus wave vector (Q) data. The PDF, G(r), was obtained from the Fourier transform of the reduced structure function (SĲQ)) in the range of 0.1-22 Å −1 by using the program PDFgetX2. 39 The program PDFgui was used to fit the data of G(r) functions to obtain the structural parameters. 40 The starting model was based on the published structure for ferrihydrite (ICSD #158475). 21 For all fits, the following parameters were
varied during each refinement process: scale factor, vibrational correlation terms (δ 2 ), unit cell parameters (a and c), most atomic positions except for few special locations, isotropic displacement parameters (U 11 , U 22 and U 33 ), the occupancies of Fe sites (the occupancies of Fe2 and Fe3 were set the same because of their correlation) and the two resolution parameters, i.e., damping (Q damp ) and broadening (Q broad ) factors. In addition, the coherent scattering domain (CSD) sizes of the ferrihydrite samples were fixed at the values obtained from the XRD fitting by assuming spherical particles. 21 R w values, calculated between r min = 1 Å and r max = 20 Å, represent the goodness-of-fit of the ferrihydrite samples.
X-ray absorption spectroscopy. Fe K-edge XAS data for the ferrihydrite samples were collected either at beamline X-11A at NSLS-BNL or at beamline 1W1B at the Beijing Synchrotron Radiation Facility (BSRF, Beijing, China). At NSLS, the electron beam energy was 2.5-2.8 GeV, with a maximum beam current of 300 mA. At BSRF, the electron beam energy was 2.5 GeV, with a maximum beam current of 250 mA. The monochromator at both beamlines consisted of two parallel Si(111) crystals. Fe K-edge extended X-ray absorption fine structure (EXAFS) data were collected over an energy range of 6911-7864 eV in transmission mode using an Ar-filled Lytle detector. The monochromator was calibrated by setting the first inflection point in the absorption spectrum of a Fe foil to 7112.0 eV. Multiple scans (≥2) were conducted for each sample and the averaged spectra were used. All EXAFS scans were processed using the program Athena. 41 The Autobk algorithm was applied for background removal using a linear pre-edge line between −185 and −30 eV, E 0 (7126 eV), and a normalization range from 150 to 730 eV. The frequency cutoff parameter, R bkg , was set to 0.99. Fourier transforms, χ(R), were performed on k 3 -weighted spectra [k 3 χ(k)] over a k range of 2.5-11.5 Å −1 using the Hanning window. 42 Least-squares fitting of the Fourier-transformed k 3 χ(k) data was performed using the program Artemis. 41 The fit k-weight was set to 3.
The theoretical amplitude and phase-shift files for Fe-O and Fe-Fe single-scattering paths were created using the cif file of the Michel model (ICSD #158475) 21 by applying the program FEFF6. 43 The triangular Fe-O-O MS paths within the FeĲO, OH) 6 octahedron were calculated from an FeO 6 octahedron with the program FEFF 8.2 by using an Fe-O bond distance of 2.0 Å.
Magnetic characterization of ferrihydrite samples
Mössbauer spectra. Mössbauer spectra are commonly related to the magnetic behavior of Fe in a crystal structure, yielding information about the Fe valence state and coordination. 44, 45 Mössbauer measurements were performed at 297 K and 20 K in transmission mode using a constant-acceleration spectrometer (OXFORD MS-500, Britain). The spectrometer was operated with a 57 Co/Rh source in rhodium that was calibrated using α-Fe. The raw data were folded to obtain a flat background. All the spectra were fitted with Lorentzianshaped doublets and/or sextets using the program Recoil. 46 Magnetization measurements. A PPMS-9T vibrating sample magnetometer (QUANTUM, USA) was employed for magnetization measurements. First, hysteresis loops for the studied ferrihydrite samples were measured at 10, 100 and 300 K, and the maximum applied field was set to 5 T. Then, zerofield-cooled (ZFC) and field-cooled (FC) magnetization curves were measured to determine the unblocking temperature (T B ), which is sensitive to the grain-size distribution. The ZFC curves were obtained by cooling the sample under a zero field from 300 K to 10 K, and subsequently sweeping the temperature from 10 K to 300 K under a weak applied field of 20 mT. Then, the sample was cooled under 20 mT from 300 K to 10 K to obtain the FC magnetization curves. The measurement step was set to 5 K. ). The 6LFh_4 sample shows six peaks (lines); in addition to the five peaks mentioned above, it shows a shoulder peak with a d-spacing value of 1.48 Å (63.4°). The above analysis indicates that the samples vary from two-line ferrihydrite to six-line ferrihydrite. In addition, from 2LFh_1 to 6LFh_4, the full width at half maximum (FWHM) of the peaks gradually decreases, which implies that the crystallite size gradually increases.
Results
Structure
The results of fitting of the XRD data for the studied ferrihydrites (red lines) using the Rietveld method are shown in Fig. 1 and Table SI-1. † Small differences between the observed and fitted patterns (grey lines) indicate that the XRD data can be fitted well with the Michel model, 21 implying that the long-range bulk structures of 2LFh_1 to 6LFh_4 are very similar. The excellent fitting indicates that the obtained crystallite sizes are reasonable; they amount to 1.6, 2.6, 3.4 and 4.4 nm respectively for 2LFh_1, 5LFh_2, 5LFh_3 and 6LFh_4,
i.e., the crystallite size increases from 2LFh_1 to 6LFh_4. However, the obtained unit cell parameters (Table SI- likely not entirely realistic, because there was no strict restriction for the atomic positions and other structural factors during fitting with the present method. More reliable values have been obtained by PDF analysis. Pair distribution function analysis. The PDFs or G(r) functions of the four ferrihydrite samples are shown in Fig. 2 . A G(r) reveals peaks at characteristic atom-pair distances and thus reflects the crystal structure. The four samples have similar G(r)s in the r range of 0-50 Å (Fig. 2a) . Due to the limited CSD size, G(r) shows attenuation with increasing interatomic distance (r), and the attenuation completes as r approaches the dimensions of the scattering body. 47, 48 From 2LFh_1 to 6LFh_4, the attenuation rate decreases, and the distances over which the attenuation completes (indicated by the arrows in Fig. 2a ) are approximately 2.0, 2.6, 3.4 and 4.4 nm for 2LFh_1, 5LFh_2, 5LFh_3 and 6LFh_4, respectively. These sizes generally agree with the crystallite sizes obtained through the XRD Rietveld refinement and with sizes previously obtained using transmission electron microscopy (TEM).
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A comparison of the G(r) functions between 1 and 20 Å (Fig. 2b ) reveals that all ferrihydrite samples share nearly the same atomic arrangement, i.e., they have a similar mediumrange structure. To quantify structural variations caused by crystallite size changes, the G(r) functions were modeled against the Michel model. 21 The R w values indicate that the simulated G(r) is in good agreement with the experimental data (Fig. 2b) . The results show that (Table 1) , with increasing crystallite size, the unit cell parameter a decreases, while the unit cell parameter c and Fe2 and Fe3 site occupancies all increase, broadly consistent with existing reports. 18, 21 In addition, the deconvolution of the total G(r) in the calculated G(r) of the Fe-O, Fe-Fe and O-O atomic pairs for 2LFh_1 is shown in Fig. 2c . The first three peaks in the G(r) functions correspond to (i) the Fe-O atomic pairs in the FeO 6 octahedra with an Fe-O bond length of 1.99 Å, (ii) Fe-Fe pairs between two edge-sharing FeO 6 octahedra with an Fe-Fe distance of 3.04 Å and (iii) Fe-Fe pairs between two cornersharing octahedra and/or tetrahedra with an Fe-Fe distance of 3.43 Å.
X-ray absorption spectroscopy. The ferrihydrite samples also have similar Fe K-edge X-ray absorption near edge structure (XANES) spectra (Fig. 3a) . The shape and relative intensity of the edge jump at ∼7126 eV, as well as the pre-edge peak at ∼7113.5 eV, corresponding well with existing reports. 42, [49] [50] [51] The white line for ferrihydrite is located at 7132.2 eV, and the peak at 7147.6 eV is due to multiple scattering by the atoms from the first and second coordination shells. 42 The k space EXAFS spectra of the samples (Fig. 3b) are also similar and consistent with previous reports. 42, 52 The peak intensities at ∼5, ∼7.5 and ∼9.5 Å (see the arrows) are representative of high-shell backscattering signals; 52 they slightly decrease with decreasing crystallite size, suggesting a slightly reduced number of nearest Fe neighbors. The radial structural functions (RSFs) (i.e., Fourier transform) of the K-edge EXAFS are shown in Fig. 3c . The first large peak corresponds to the first nearest neighbors (O, OH or OH 2 ) of the absorbing Fe atoms, the second shell results from Fe-Fe edge-sharing of FeO 6 octahedra, and the third shell can be ascribed to Fe-Fe corner-sharing configurations. 52 The similar RSFs of the ferrihydrite samples suggest that they have similar Fe local coordination environments, consistent with the PDF results (Fig. 2) . However, the amplitude of the two Fe-Fe coordination peaks gradually decreases with decreasing size, which implies decreasing average coordination numbers (CNs) of neighboring Fe atoms and/or a gradually increasing degree of disorder of Fe-Fe arrangements with decreasing crystallite size. The EXAFS spectra were fitted by including the Fe-O and Fe-Fe single-scattering paths obtained from the Michel model and the Fe-O-O multiple-scattering (MS) path. The MS path parameters were correlated as described by Mikutta. 50 The spectra and the fits are compared in Fig. 3d , and the obtained structural parameters are listed in Table 2 .
The results indicate that the first-shell Fe-O coordination has an average Fe-O bond length of 1.97 ± 0.01 Å for all samples with the corresponding coordination number (CN Fe-O ) ranging from 5.20 ± 0.18 to 5.46 ± 0.23, in good agreement with the PDF results ( Fig. 2c ) and the reported XAS fitting results. 50, 52, 53 The average Fe-Fe1 distance of 3.04 ± 0.01 Å and the Fe-Fe2 distance of 3.43 ± 0.02 Å correspond to, respectively, two edge-sharing FeO 6 octahedra and two bent cornersharing FeO 6 octahedra or to corner sharing between an FeO 6 octahedron and an FeO 4 tetrahedron. 27, 52 Further, these values are in good agreement with the PDF results (Fig. 2c) .
With the crystallite size increasing from 2LFh_1 to 6LFh_4, the CNs of Fe-Fe1 and Fe-Fe2 increase from 2.50 ± 0.40 to 2.84 ± 0.50 and from 3.71 ± 0.55 to 4.65 ± 0.68, respectively. The general conclusion based on the analysis results of the XRD, PDF and X-ray absorption spectra is that the studied samples possess a common long-, medium-and localrange structure. The ferrihydrite crystallite size has little influence on the average Fe-O, Fe-Fe1 and Fe-Fe2 coordination distances, but the average Fe-Fe CNs increase with increasing size of the ferrihydrite crystallites. The variation of CNs is consistent with classic particle size effects, i.e., smaller particles have less neighboring Fe atoms around each Fe center because the percentages of the surface Fe sites increase with decreasing size, leading to less neighboring Fe. In addition, this also implies a weaker order of Fe-Fe arrangements for smaller ferrihydrites, whereas the location of the disorder could not be revealed. In the next section, it will be shown that the analysis of the Mössbauer spectra at 295 K provides further information.
Mössbauer spectra at room temperature
At 295 K, the Mössbauer spectra of all ferrihydrite samples present a paramagnetic doublet ( Fig. 4a and b) . The first set of average parameters was obtained by fitting the spectra with one doublet (Fig. 4a) . The results show ( Table 3) and show a decreasing trend with increasing crystallite size. These values are consistent with the one-doublet fitting results previously reported. 31, 54 However, due to the broad doublets and high line widths observed in the present samples, the use of only one doublet is insufficient for good fits; this is also indicated by the high χ 2 values (Table 3) .
Using two doublets provides better fits of the spectra (Table 3) and may allow for a distinction between the core and surface regions of the particles. [55] [56] [57] The range of C s values is similar to that for one-doublet fitting and the variation in the C s values is not correlated with the crystallite size of the ferrihydrites. The Q s values of the ferrihydrite samples obtained with two-doublet fitting slightly decrease (for both sites) with increasing crystallite size. According to Cornell and Schwertmann, 2 relatively high Q s values correspond to a high degree of distortion of FeO 6 octahedra. Therefore, the present results indicate that the degree of distortion of the FeO 6 octahedra increases with decreasing crystallite size, similar to the results of one-doublet fitting. Additionally, the Q s values for doublet 1 are larger than those for doublet 2, implying that doublet 1 belongs to FeO 6 octahedra in the surface layer. 2 The site populations of doublet 2 (core) are larger than those of doublet 1 (layer), and the difference between them increases with increasing crystallite size, which results from an increasing surface layer contribution with decreasing crystallite size. The site population of doublet 1 is plotted against the crystallite size, wherein a gradually decreasing trend is observed for the site population with crystallite size. The magnitude of the site population of doublet 1 is approximately 40% for 2LFh_1 and 5LFh_2 and approximately 33% for 5LFh_3 and 6LFh_4. These results indicate that the contribution of the surface layer increases with decreasing crystallite size. As the surface layer becomes more disordered (higher Q s ) than the core, the disorder will progressively increase with decreasing crystallite size. The combination of this information with the PDF fitting results (a certain amount of Fe vacancies exists in the structure) indicates that the disordered surface structure is derived from the random arrangement of Fe vacancies at or near the surface as well as minor stacking faults. The observation that the disorder of the surface layer increases with decreasing crystallite size is consistent with the variation of Fe vacancies as a function of size, as obtained from the PDF fitting (Table 1) . In other words, crystallites with a smaller size have a higher amount of Fe2 and Fe3 vacancies, which leads to a higher degree of disorder in the surface layer. These results support Hiemstra's surface-depletion model, 17 i.e., the surface layer of ferrihydrite is depleted by Fe2 and Fe3 and smaller Magnetic hyperfine splitting at low temperature At 20 K, the Mössbauer spectra of the ferrihydrite samples show magnetic hyperfine splitting due to the weakness or even disappearance of the relaxation effect caused by their superparamagnetic behavior. 51, 58, 59 The degree of splitting is related to the crystallite size ( Fig. 4c and Table SI-2 †). The spectra of samples 2LFh_1 and 5LFh_2, which have a relatively small size, split doublet 2 at 295 K into one sextet at 20 K, while samples 5LFh_3 and 6LFh_4, which have a relatively large size, split the two doublets at 295 K into two sextets at 20 K (Fig. 4) . Therefore, the ferrihydrite samples have no definite magnetic-ordering temperature, but they order magnetically at varying temperatures, as determined by their crystallite size. This is consistent with the report of Schwertmann et al., 35 who suggested that a ferrihydrite with a smaller crystallite size (formed at a higher Fe 3+ hydrolysis rate) had a lower magnetic ordering temperature. In addition, the Mössbauer spectra at room temperature of different-sized BiFeO 3 nanoparticles also show a similar trend with size. 58 Comparing the Mössbauer spectra of the ferrihydrite samples at 20 K, the intensities of the sextet peaks increase and the spectral line widths significantly decrease with increasing crystallite size; this can be ascribed to the decrease of the superparamagnetic behavior with increasing size. The hyperfine splitting and hyperfine magnetic-field intensity decrease with decreasing crystallite size (Table SI-2 †) . Below a certain crystallite size, the hyperfine splitting is suppressed. The suppression of the material's intrinsic spin may be caused by uncompensated spins at the surface, strain anisotropies and noncollinear magnetic ordering. 58 In the present situation, the quadrupole splitting results indicate that, especially for particles with relatively small crystallite sizes, a large part of the disorder is located in the surface layer; therefore, uncompensated spins in the surface layer will be the main reason for the reduced hyperfine splitting and reduced magnetic-field intensity. 
Magnetization hysteresis loops and ZFC-FC curves
The magnetization curves measured at 10, 100 and 300 K are shown in Fig. 5a . The shape of the magnetization curves depends on both the measurement temperature and crystallite size. Overall, the magnetization curves are nearly linear at 300 K and have a sigmoidal shape at 100 K and 10 K. A clear hysteresis loop is observed only at 10 K and none of the samples are saturated in magnetization at 5 T. The non-saturated linear pattern indicates a paramagnetic component, which is consistent with the Mössbauer results at room temperature, while the sigmoidal pattern suggests the presence of a saturated superparamagnetic component. (Table 4 ). This indicates that ferrihydrite is paramagnetic at room temperature but is magnetically ordered at very low temperatures, e.g., ferromagnetic-like moment. A similar magnetic behavior has been reported by Guyodo et al. 32 for 6LFh samples of different sizes, by Michel et al. 18 for ferrifh and by Berquó et al.
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for Si-incorporated ferrihydrites of sizes ranging from 1 to 25 nm. The dependence of magnetization at an applied field of 5 T on crystallite size is shown in Fig. 6a . With increasing crystallite size, the magnetization of the ferrihydrite samples decreases. With increasing temperature, the magnetization also decreases (Fig. 6a and Table 4 ).
The ZFC (black) and FC (red) curves are shown in Fig. 5b . For antiferromagnetic minerals with high coercivity, the ZFC curve is analogous to the curve of temperature-dependent magnetic susceptibility, and the peak in the ZFC curve signifies the unblocking temperature (T B ) (Fig. 5b) . 34 The broadening of peaks in the ZFC curves with increasing crystallite size likely reflects the widening of the crystallite size distribution with increasing average crystallite size. It also emphasizes that the peak presents the average T B indicated by the arrows in Fig. 5b . The FC curve is enhanced at low temperature compared to the ZFC curve because an additional thermal remanent magnetization is acquired. The point where the FC and ZFC curves converge is also an indication of T B .
The T B obtained from the convergence point corresponds to the maximum estimate of T B . With increasing crystallite size, the average T B and maximum estimate of T B slightly increase from approximately 60 to 80-100 K, and the largest increase is observed between 5LFh_3 and 6LFh_4 (Table 4) . In summary, the present magnetization results confirm that ferrihydrite is antiferromagnetic with a small ferromagnetic-like moment at low temperatures. In general, a ferromagnetic-like moment can originate from either the uncompensated spins present inside the particles and/or at the surface of the particles 32, 60 or, for large particles, the arrangement of magnetic moments at tetrahedral and octahedral Fe sites. 18 For our extremely fine-grained particles, the latter mechanism is not applicable; therefore, uncompensated spins present inside the particles and/or in the surface layer should be responsible for the ferromagneticlike moment. The Mössbauer data at room temperature have shown that the disorder is largely located in the surface layer. Therefore, the uncompensated spins in the surface layer will lead to the small ferromagnetic-like moments.
Discussion
Presence of tetrahedral coordination of Fe in ferrihydrite
It has been reported that the shape, position and intensity of the pre-edge peak of the Fe K-edge XAS are related to the oxidation state and coordination of Fe in minerals. 61 However, the interpretation of this peak for ferrihydrite is debated. Zhao et al. 51 found that the pre-edge peak area of ferrihydrite was significantly larger (20-80%) than those of goethite and hematite, which have only the octahedral coordination of Fe, and slightly smaller than that of magnetite (∼36%) with tetrahedral coordination. Therefore, they inferred that ferrihydrite samples may contain 20-30% tetrahedral coordination. In contrast, some years later, Manceau and Gates 49 found that the peak area of ferrihydrite is only 0-20% larger than that of hematite and suggested that the increase in peak area is related not only to the CNs of Fe but also to the geometry of the Fe sites; they claimed that almost all Fe existed in octahedral coordination and that the pre-edge peak cannot be used to determine the percentage of tetrahedral coordination.
When the peak areas of the present ferrihydrite samples are compared with those of goethite, hematite and magnetite (Fig. 7) , the results are similar to those of Zhao et al. The peak areas of the ferrihydrite samples are considerably greater than those of goethite and hematite, but somewhat smaller than that of magnetite. According to the PDF analysis, the relative Fe3 (tetrahedral Fe) site occupancy of the present samples ranges from 0.82 to 0.88 (Table 1) .
Additionally, the results of PDF and XAS fitting show that the second Fe-Fe coordination distance is approximately 3.44 Å (Fig. 2 and Effects of crystallite size on the structure of ferrihydrite
In spite of great advancements towards revealing the basic structure of ferrihydrite in previous studies, 18, 21, 23 there remain disputes over the bulk and surface structures of ferrihydrite with a wide range of grain sizes. This has hindered an accurate understanding of the grain size-dependent properties of ferrihydrite. Our results indicate that ferrihydrites with different crystallite sizes share a common short-, medium-and long-range structure ( Fig. 1-3 ). Given that the "ordered" ferrihydrite with a large size (i.e., ferrifh, 10-12 nm, Michel et al. 18 ) shares a PDF similar to 2LFh, it is suggested that ferrihydrites with different sizes possess a relatively stable bulk or core structure. This is confirmed by the present XRD, PDF and XAS data of the ferrihydrite samples with different crystallite sizes (1.6-4.4 nm), similar to those of the commonly found fine-grained natural ferrihydrites. Nevertheless, the results also indicate a certain degree of distortion: the average Fe-Fe CNs increase with increasing size of the ferrihydrite crystallites (Table 2) . A similar increase has been observed in Al-Fe oxyhydroxide co-precipitates 42, 52 and hydroxybenzoic acid-Fe co-precipitates. 50 In addition, anisotropic variations in lattice dimensions indicate size-dependent structural relaxation in ferrihydrite (Table 1) , consistent with a reduction in strain with increasing crystallite size. 18 A certain number of Fe vacancies exist in the ferrihydrite structure, and Fe vacancies/defects increase with decreasing ferrihydrite crystallite size ( Table 1 ). The combination of these results with a detailed analysis of the Mössbauer spectra at 295 K leads to the conclusion that the surface layer is the region with higher disorder (Table 3) and that the smaller ferrihydrites have a higher percentage of poorly coordinated Fe sites in the surface layer. In summary, the present results support the view that the particle cores have the same structure, that the surface layer is relatively disordered, and that the latter disorder increases with decreasing crystallite size; they therefore support the ferrihydrite structure model suggested by Hiemstra.
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Based on electron diffraction analysis, Janney et al. 62, 63 concluded that 6LFh was distinctly different from 2LFh. They found that 2LFh contained highly disordered material and crystallites with structures based on the hexagonal and cubic stacking of close-packed layers of O 2− and OH − ions, while 6LFh contained structures based on the double-hexagonal stacking of close-packed layers of O 2− . Clearly, these results indicate greater differences between 2LFh and 6LFh than those indicated by the present results. Although the basic core structure remains the same with varying crystallite size, the PDF and XAS fitting results indicate that the unit cell parameters, Fe occupancies and Fe-Fe coordination numbers all change somewhat with crystallite size (Tables 1 and 2) . Therefore, the structure of the 2LFh particles is different from that of the 6LFh particles. The present results are in good agreement with several other reports, which suggested that the primary difference among ferrihydrites of different sizes is the size of the coherent scattering domain. 16, 32, 47 Magnetization of ferrihydrite and its environmental application
With accurate constraints on the structure of the studied ferrihydrite samples, the origin and grain size dependence of their magnetism can be well resolved. The present results confirm that ferrihydrite shows antiferromagnetism superimposed with a small ferromagnetic-like moment at low temperatures and that the ferromagnetic-like moment is largely due to the uncompensated spins in the surface layer. For nano-sized strongly magnetic particles, such as magnetite 64 or ferrifh (ordered ferrihydrite), 18 the presence of uncompensated surface spins weakens the bulk magnetic properties, resulting in a positive correlation between grain size and magnetization. In contrast, the magnetization of nano-sized antiferromagnetic minerals such as hematite originates from uncompensated surface spins, and a negative correlation between magnetization and grain size was observed. 65 Similar to hematite, the magnetization at 5 T of the studied ferrihydrites gradually increases with decreasing size (Table 4 and Fig. 6a ). It should be noted that the smallest sample, 2LFh_1, has much higher values of B c and magnetization than the other samples. We tentatively interpret that the elevated coercivity B c is due to either the enhanced surface anisotropy or the enhanced stress between the core and surface shell. Such a stress has also been used to explain the higher B c values of the low-temperature oxidized magnetite with a stoichiometric magnetite core surrounded by a maghemite shell. 66 The much higher magnetization of 2LFh_1 further indicates that the uncompensated spins in the surface layer could also significantly contribute to its bulk magnetization because of its poor crystallinity. For the studied ferrihydrites, the surface layer structure most likely dominates the changes in magnetism with size, and the decrease in magnetization with increasing size could be attributed to the lowering of uncompensated surface spins. This is in contrast with the behavior of ordered and larger ferrihydrites (ferrifh), 18 in which the bulk structure dominates and the ordering of electron spin moments of the bulk Fe accounts for the enhancement in magnetism with increasing size. Considering the opposite magnetization trends observed for the present particles (1.6-4.4 nm, Fig. 6a ) and ferrifh (10-12 nm), we predict that with a continuously increasing size of ferrihydrites from small disordered particles to relatively large ordered crystallites, there is likely a transient point at which the magnetization is minimum. If this is true, a gradual transformation of relatively smaller 2LFh with crystallite sizes of several nm into relatively larger ferrihydrites with crystallite sizes of 10-12 nm might first result in a decrease in magnetism followed by a significant increase in magnetism.
As ferrihydrite is the most important precursor for other secondary magnetic minerals formed through pedogenesis (e.g., ferrifh, magnetite and maghemite), 3, 18 the magnetic properties of ferrihydrite with different sizes are important for determining the evolution of the related minerals and explaining the magnetic enhancement in aerobic soils. Therefore, to understand the environmental significance of ferrihydrite in natural samples, it is essential to have information on the ferrihydrite grain size. In Fig. 6b , we summarize the correlation between the T B and grain size of synthetic ferrihydrites. Compared to the theoretical curve for maghemite, 3 ferrihydrites have much higher unblocking temperatures due to their higher anisotropy constants. For the extremely fine-grained ferrihydrites (1-5 nm), variation in the values of T B exists among samples with similar sizes synthesized under different conditions (Fig. 6b) . For ferrihydrite samples in the grain-size range (∼1-10 nm), the decrease in crystallite size and the presence of Si both lead to the decrease in T B (Fig. 6b) . This strongly indicates that the distribution of the uncompensated surface spins of ferrihydrites as well as their grain sizes affect T B . Such complexity should be considered when constructing the relationship between ferrihydrites and other iron oxides in natural samples. Nevertheless, an overall positive correlation exists between T B and the grain size of ferrihydrites; thus, T B is anyhow a useful and practical proxy to quantify the changes in the grain size of ferrihydrites in natural samples provided that the natural conditions are relatively similar.
Conclusions
The structural characterization of the present samples based on the Michel model parameters reveals that ferrihydrite samples with small grains share a common short-, mediumand long-range structure with a large size of ferrihydrite (i.e., ferrifh). Meanwhile, both the average CNs of Fe-Fe and Fe2 and Fe3 occupancies increase with crystallite size, suggesting that smaller ferrihydrites exhibit higher structural disorder. Further, the Mössbauer results at 295 K indicate that the surface layer is relatively disordered, which might be caused by the randomly distributed Fe vacancies at or near the surface and minor stacking faults. This observation supports Hiemstra's surface-depletion model in terms of the location of disorder and the variations of Fe2 and Fe3 occupancies with size. This clarification of the relationship between the ferrihydrite size and structure, and especially the surface structure, is useful for understanding and exploring the adsorption on ferrihydrites and its interaction with other nanoparticles in natural environments.
Environmental Science: Nano Paper Magnetic data verify that ferrihydrite samples show antiferromagnetism with a ferromagnetic-like moment at lower temperatures (100 K and 10 K), but they are paramagnetic at room temperature (300 K). Smaller ferrihydrites show less magnetic hyperfine splitting and a lower unblocking temperature (T B ). In addition, magnetization decreases with increasing crystallite size for disordered ferrihydrite, while an enhancement in magnetism with increasing size is shown for ordered ferrihydrite. It is therefore predicted that with increasing size of ferrihydrites, a transient point occurs at which the magnetization is minimum. Considering that the transformation of ferrihydrite to different iron oxides plays an important role in the mineralogical evolution of iron oxides and magnetic enhancement during pedogenesis, the size-dependent structure and magnetic properties of disordered ferrihydrite provide important basic information for better understanding of these evolution processes.
